Introduction 1 2
Longitudinal magnetic resonance imaging (MRI) studies of typically 3 developing individuals show that adolescence and early adulthood are 4 dynamic and critical periods of brain maturation (Shaw et has been performed to assess the trajectory of these changes from 10 adolescence to adulthood (Piontkewitz et al., 2011a ). This study reported 11 specific developmental trajectories of volumetric changes in both control and 12 POL offspring that were region-, age-, and sex-specific (Piontkewitz et al., cross-sectional, not longitudinal. Our laboratory has previously acquired T 2 -5 weighted structural MR images from the male offspring of rat dams exposed 6 to either saline (SAL) or POL (4 mg/kg i.v.; GD15) at PND50, 100 and 180 as 7 part of a study examining the trajectory of prefrontal cortex metabolites using 8 1 H-MRS (Vernon et al., 2015) . In the current study we set out to address the 9 aforementioned issues by analysing this archival dataset using a combination 10 of semi-automated atlas-based segmentation and longitudinal voxel-wise 11 analysis using tensor-based morphometry (TBM This study utilises archival MRI data from a prior cohort of SAL and POL-3 exposed offspring, reported elsewhere (Vernon et al., 2015) . No new animals 4 were generated for this study. Time-mated breeding and induction of MIA 5 were performed at Charles River Laboratories UK as previously reported 6 (Vernon et al., 2015) . Briefly, pregnant rats received either 4-mg/kg POL (n=8; 7 P9582, potassium salt; Sigma-Aldrich, UK) or 0.9% pyrogen-free SAL (n=3) 8 on gestational day (GD) 15. POL was freshly prepared on the day of 9 administration, dissolved in sterile pyrogen-free 0.9% saline to a final 10 concentration of 50 mg/ml and administered intravenously (i.v. 0.1 ml per 100 11 g body weight) through the tail vein under mild physical constraint. The dose 12 of POL was based on the pure concentration, which is 10% of the potassium 13 salt. Immediately after injection animals were returned to their home cages. 14 Maternal weight was recorded before and 24-48 h after the injection. 15
Gestation length, litter size and offspring body weight were monitored in each 16 group. After birth, pups were sexed and female pups culled on postnatal day 17 (PND) 5. On PND21, male pups were weaned and housed 2-4 per cage with 18 their littermates. On PND28, all of the SAL (n=23 male pups from n=3 19 independent litters) and POL (n=59 male pups from n=8 independent litters) 20 rats were shipped to King's College London and housed in the Biological 21
Services Unit (BSU) as described (see section 2.1). 22
The gestational stage for POL exposure (GD15) was selected based 23 on previously validated MIA protocols from six independent laboratories using 24 report suggests that GD10 and GD19 in the rat are also neurodevelopmental 4 stages that are sensitive to MIA, resulting in PPI and working memory 5 dysfunction, respectively (Meehan et al., 2016). However, the 'spectrum' of 6 schizophrenia-relevant brain and behavioral changes reported after MIA 7 exposure at GD14-15, were not observed (Meehan et al., 2016). Those time-8 points may not therefore be as sensitive a window for MIA as GD15. We 9 therefore considered GD15 to be a rational start point for investigations of 10 neuroimaging abnormalities following POL exposure. 11
Following shipping to KCL, pups were left undisturbed until PND45, 12 when they were weighed and allocated at random into experimental groups 13 for study. The data presented in this manuscript are based on longitudinal in 14 vivo T 2 -weighted structural MRI (sMRI) scans acquired in the same session as 15 1 H-MRS data, which we reported previously (Vernon et al., 2015) . In this 16 paper we present sMRI data that were acquired from these same rats 17 exposed to either SAL or POL in utero. However, due to time constraints, 18 structural MRI data were only acquired from N=6 POL litters. No more than 19 two animals were selected from each POL litter and no more than four from 20 each SAL litter (Vernon et al., 2015 (Vernon et al., 2015) . 2 Briefly, animals were anaesthetized throughout scanning using 1.0% 3 isoflurane in a mixture of medical air: oxygen (70:30) delivered at 1L/minute. 4
Body temperature (regulated at 37°C), blood oxygen saturation and 5 respiration rate were monitored for the duration of the scan(s). T 2 -weighted 6 MR images were acquired using a 2D Fast Spin Echo (FSE) sequence: Analysis of total and regional brain volumes were performed using a semi-14 automated atlas-based segmentation approach using the SPM mouse toolbox 15 each individual rat from a given litter is averaged to give a mean value for that 14 particular litter. We therefore proceeded to compare data between SAL (N=3) 15
and POL (N=6)-exposed litters using a 2-way repeated measures (RM) 16 ANOVA with one between subject-factor (MIA) and one within-subject factor 17 Table 1) . 16 We then compared the effects of MIA on absolute volumes of the a priori 17
ROIs. LV absolute volumes increased with age in both groups of litters (Figure  18 1b). ANOVA yielded significant main effects of age, MIA and age x MIA 19 interaction (Table 1) . Post-hoc testing of the interaction confirmed significantly 20 smaller absolute LV volume in POL litters compared to SAL at PND180 (Table  21 1; Figure 1b) . Similarly, absolute ACC volume decreased with age in both 22 groups of litters (Figure 1c) . ANOVA yielded significant main effects of age, 23
MIA and age x MIA interaction (Table 1) . Post-hoc testing of the interaction 24 confirmed a significantly smaller absolute ACC volume in POL litters 25 compared to SAL at PND90 (Table 1; Figure 1c) . 26
The absolute STR volume showed a U-shaped trajectory, increasing 27 between PND50 and 100 and decreasing thereafter between PND100 to 180. 28
This was comparable between SAL and POL litters, with ANOVA yielding a 1 significant main effect of age, but not MIA or age x MIA interaction (Table 1  2 and Figure 1d ). The absolute dHPC and vHPC volumes increased with age in 3 both groups of litters (Figure 1e, f) . ANOVA yielded significant main effects of 4 age and MIA, but no age x MIA interaction (Table 1; Figures 1e, f) . Indeed, 5 the hippocampus volumes are clearly reduced in POL as compared to SAL 6 litters at all time-points (Figure 1e, f) . 7 8
Longitudinal course of relative brain volume changes following pre-natal 9
POL exposure 10 11
Brain structure volumes can be normalized to total brain volume to correct for 12 inter-animal variation in brain size (Lerch et al., 2012). We therefore re-13 analyzed the volume data derived from the atlas-based segmentation 14 approach after normalization to total brain volume for each individual animal in 15 each litter. The relative LV volume showed identical trends to the absolute LV 16 volume data and increased with age in both groups of litters. ANOVA again 17 yielded significant main effects of age, MIA and age x MIA interaction ( Table  18 2). Post-hoc testing of the interaction confirmed that relative LV volume is 19 smaller in POL litters at PND180 as compared to SAL litters (Table 2; Figure  20 2a). In contrast, whilst the relative ACC volume declined with age in both 21 groups of litters, ANOVA yielded only significant main effects of age and MIA, 22 but no age x MIA interaction (Table 2, Figure 2b ). The data for the relative 23 volumes of the STR, dHPC and vHPC were also similar to the trends in the 24 absolute volume data for these regions (Table 2 and (Table 2 ). However, this may simply reflect 27 the low power of this dataset, particularly for control SAL litters (n=3), rather 1 than a genuine regional difference in effects of MIA on hippocampus volume 2 per se. Indeed, closer inspection of Figure 2d and 2e clearly shows however 3 that the relative volume of the dHPC and vHPC is reduced in the POL litters 4 as compared to the SAL litters at all time-points. 5 6
TBM analysis complements atlas-based segmentation and reveals 7
additional differences between groups not seen with atlas-based 8 segmentation. 9 10 TBM was used to compare SAL and POL brains at the three time points 11 scanned ( Figures 3 and 4) . Between PND50 and 100 (Figure 3a) , within each 12 group, the volumes of the prefrontal, motor, somatosensory, auditory and 13 visual cortex, dorsal thalamic nuclei, ventral midbrain and brain stem 14 decrease significantly (q=0.05; Figure 3a) . In contrast, ventricular, striatal, 15 hippocampal, ventral thalamic and white matter volumes increase significantly 16 (q=0.05; Figure 3a) . Qualitatively, these volumetric decreases were stronger 17 in the frontal cortex, ventral thalamic nuclei and ventral midbrain of POL litters 18 relative to SAL controls (Figure 3a) . In the second time-window (PND100 -19 180), within both groups, the cortex, midbrain and brain stem show continued 20 significant volume decreases, with most of the cortex now affected (q=0.05; 21 Figure 3b ). White matter volumes continue to significantly increase, whilst 22 thalamic and striatal volumes significantly decrease and hippocampus volume 23 remains stable (q=0.05; Figure 3b ). However, qualitatively comparing SAL 24 and POL litters, specific effects due to POL exposure are very difficult to 25 discern from these maps (Figure 3b) . 26
In order to quantitatively visualise specific volumetric differences 1 between the groups in each time-window, additional high-dimensional non-2 rigid registrations were performed between each pair of serial scans (i.e. 3 PND100 to PND50, and PND180 to PND100; Figure 4a, b) . These data 4 confirm that between PND50 to 100, there is a significantly larger decrease in 5 the volume of frontal, motor, somatosensory, parietal, visual and auditory 6 cortices, the striatum, nucleus accumbens and amygdala in POL litters as 7 compared to SAL (q=0.1; Figure 4a ). In contrast, the volume increase in the 8 corpus callosum and external capsule as well as the ventral thalamus and 9 midbrain is significantly greater in POL litters as compared to SAL controls 10 (q=0.1; Figure 4a ). Between PND100 -180, only sparse clusters of voxel 11
show volumetric changes and only at a trend level (p<0.01 uncorrected; 12 
and prone to intra-and inter-rater bias. In the current study we sought to 9 replicate these data using a semi-automated atlas-based segmentation. Here, 10 the brain ROIs are defined manually on a population specific template and. Taking these factors into account, our atlas-based segmentation reveals that 21 in both SAL and POL litters, the longitudinal volumetric changes spanning 22 from PND50 to PND180 were region-specific. The ACC declined in volume 23 between PND50 and 100, plateauing thereafter. This volume reduction is 24 greater in POL offspring between PND50 and 100, but not thereafter, 25 consistent with and extending prior work (Piontkewitz et al., 2011a). We 1 replicated the U-shaped trajectory of striatum volume, but POL exposure had 2 no effect on this in our dataset, in contrast to prior work (Piontkewitz et al., 3 2011a). In both litters, dHPC, vHPC and LV volumes increased between 4 PND50 to 100, but tended to plateau thereafter by PND180. Consistent with 5 prior studies, hippocampus volume was reduced in POL litters (Piontkewitz et 6 al., 2011a), but unexpectedly LV volumes were smaller. Overall, these results 7 were largely unaffected by comparing either absolute or relative (i.e. our control litter sample size was small, which may have affected these data, 17 thus our findings should be interpreted cautiously. It is also plausible that this 18 discrepancy reflects methodological differences between the studies. These This a priori approach however negates one of the major benefits of MRI, 5 which is the ability to image the entire brain in a reasonable amount of time. 6
Limiting the analyses to a small number of ROIs also reduces the rich 7 information available in MRI to a single composite number. To address this 8 we present the first fully automated, brain-wide longitudinal TBM analysis, of a 9 MIA model. In broad terms, TBM complements the atlas-based analysis. For 10 example, the two methods find the same volume reductions in the ACC and 11
TBM confirms this effect is greater in the POL litters as compared to SAL. 12
Similarly, TBM also identifies a decrease in LV volume with increasing age in 13 POL litters, arguing against this being the result of systematic bias in the 14 segmentation protocol. TBM is also clearly more sensitive to subtle should be expected that the results would not be in perfect accordance. 5
Moreover, since we cover the whole brain, there is the potential to identify 6 regions of previously unappreciated volume loss. For example our analysis 7
shows that POL litters have volume decreases in several other cortical areas 8 besides the ACC, as well as the nucleus accumbens and amygdala to name a 9
few. There are also previously unappreciated increases in the volume of the 10 thalamus and ventral midbrain and white matter tracts in POL-exposed litters. 11
12
The data from both methods suggests that with the exception of the LV, the 13 grey and white matter brain structural differences between SAL and POL-14 revealed that in several instances the differences were noted to be due to the 8 ventricular size of the control samples (Sayo et al., 2012). Importantly, our 9 control litter sample size was small, which may have affected these data, thus 10 our LV findings should be interpreted cautiously. 11 12
Conclusions 13 14
The findings of the current study lend support to the suggestion that prenatal Funding from the Medical Research Council (GrantID: G0701748 and 28 G1002198) whom we thank for their generous financial assistance supported 29 this study. The MRC had no further role in study design; in the collection, 1 analysis and interpretation of data; in the writing of the report; and in the 2 decision to submit the paper for publication. between-subject factor and time as within-subject factor. Post-hoc tests were 5 only performed for significant age x MIA interactions using Bonferroni's post-6 hoc test corrected for multiple comparisons. ANOVA, analysis of variance; 7 MIA, maternal immune activation n.s., not significant. 
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